Background: γ-Glutamyl transferase (GGT) is a well-known marker of chronic alcohol consumption or hepatobiliary diseases. A number of studies have demonstrated that serum levels of GGT are independently associated with cardiovascular and metabolic disorders. The purpose of this study was to test if serum GGT levels are associated with bone mineral density (BMD) in Korean adults. Methods: A total of 462 subjects (289 men and 173 women), who visited Severance Hospital for medical checkup, were included in this study. BMD was measured using dual energy X-ray absorptiometry. Cross-sectional association between serum GGT and BMD was evaluated. Results: As serum GGT levels increased from the lowest tertile (tertile 1) to the highest tertile (tertile 3), BMD decreased after adjusting for confounders such as age, body mass index, amount of alcohol consumed, smoking, regular exercise, postmenopausal state (in women), hypertension, diabetes mellitus, and hypercholesterolemia. A multiple linear regression analysis showed a negative association between log-transformed serum GGT levels and BMD. In a multiple logistic regression analysis, tertile 3 of serum GGT level was associated with an increased risk for low bone mass compared to tertile 1 (odds ratio, 2.271; 95% confidence interval, 1.340 to 3.850; P=0.002). Conclusion: Serum GGT level was inversely associated with BMD in Korean adults. Further study is necessary to fully elucidate the mechanism of the inverse relationship.
INTRODUCTION
γ-Glutamyl transferase (GGT), a well-known marker of chronic alcohol consumption and hepatobiliary disease, is abundantly expressed in several tissues, particularly those with secretory or absorptive functions, such as the kidneys, pancreas, seminal vesicles, small intestine, and bile duct [1, 2] . A number of studies have demonstrated that serum levels of GGT are independently
METHODS

Subjects and data collection
A total of 462 subjects (289 men and 173 women) aged 21 to 83 years were recruited from the Healthcare Center at the Severance Hospital, Yonsei University College of Medicine in Seoul, Korea, and were included in analyses. All adult Koreans were included if they did not meet any of the exclusion criteria, including a history of a medical condition known to be associated with abnormal bone metabolism or to alter bone mass such as hyperparathyroidism, rheumatoid arthritis, and chronic renal failure; history of hepatobiliary diseases such as liver cirrhosis, primary biliary cirrhosis, or viral hepatitis (including positivity for serum hepatitis B surface antigen or serum hepatitis C antibody); and current use of medications capable of affecting bone and mineral metabolism such as glucocorticosteroid, thyroid hormones, sex hormones, selective estrogen receptor modulators, or bisphosphonates. All subjects completed standardized questionnaires about their medical history, including past illnesses, family history, current medication, smoking, alcohol consumption, exercise, and menopausal status (in women). Height, weight, and waist and hip circumference were measured while subjects wore light clothing and no shoes. Waist circumference was measured midway between the lowest rib and the iliac crest, and hip circumference was taken over the widest part of the gluteal region. Body mass index (BMI) was calculated as weight divided by height squared (kg/m 2 ).
Smokers were defined as those who smoked at the time of the study or who had smoked within 5 years. Those who had stopped smoking in the last 5 years or more were regarded as nonsmokers. Questions about alcohol intake included the type of alcoholic beverage and the frequency and amount of alcohol consumed on a weekly basis. Based on their answers, amount of alcohol consumed per day was calculated in g/day. Regular exercisers were defined as those who exercised at least three times per week. Women who had not had a menstrual cycle for 1 year were considered postmenopausal. Hypertension was defined as systolic blood pressure (BP) ≥140 mm Hg or diastolic BP ≥90 mm Hg or current use of BP lowering agent. Diabetes mellitus was defined as fasting glucose ≥126 mg/dL or hemoglobin A1c ≥6.5% or current use of a glucose lowering agent. Hypercholesterolemia was defined as total cholesterol ≥200 mg/dL or use of a cholesterol lowering agent. The study protocol was approved by the Institutional Review Board of Severance Hospital, Yonsei University College of Medicine.
BMD measurement BMD (g/cm
2 ) measures of the lumbar spine (L1 to L4), femoral neck, and total hip were assessed using dual energy X-ray absorptiometry (QDR-4500W, Hologic, Bedford, MA, USA). Three subjects (two males, one female) could not be assessed for lumbar spine BMD due to prior vertebroplasty. In these subjects, only the femoral neck and total hip BMD were used as data. The coefficients of variation for these measurements were <1.1%. Osteoporosis was defined as BMD of the lumbar spine, total hip, or femoral neck that was 2.5 standard deviations (SDs) or more below the mean of a young Korean reference population (T-score <−2.5), and osteopenia was defined as a T-score between −1 and −2.5.
Biochemical values
Blood samples were collected from each subject after an overnight fast. The concentrations of plasma glucose, serum calci-Copyright © 2016 Korean Endocrine Society um, phosphorus, creatinine, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase, total cholesterol, triglycerides, high density lipoprotein cholesterol, and low density lipoprotein cholesterol were measured using standard laboratory techniques. Serum GGT levels were measured by an enzymatic method using a Hitachi 7600-110 automated chemistry analyzer (Hitachi, Tokyo, Japan).
Statistical analyses
Statistical analyses were carried out using SPSS version 20.0 (IBM Co., Armonk, NY, USA). Male and female participants were divided into tertiles based on serum GGT level. The GGT levels in men were higher than those in women. Thus, sex-specific tertiles of serum GGT were used for analyses. In men, the cut-off points were <24 IU/L (tertile 1), 25 to 38 IU/L (tertile 2), and >39 IU/L (tertile 3). In women, the cut-off points were <13 IU/L (tertile 1), 14 to 20 IU/L (tertile 2), and >21 IU/L (tertile 3). Demographic and clinical characteristics were analyzed according to tertiles of serum GGT levels ( Table 1) . A general linear model for a linear trend analysis was used in continuous data analyses. The chi-square test for a linear trend was used for the categorical data analyses. BMD at the lumbar spine, femoral neck, total hip, and BMD T-scores were analyzed according to tertiles of serum GGT levels ( Table 2) . Analysis of covariance was used to adjust for confounding variables. Variables for adjustment included age (years), BMI (kg/m 2 ), amount of alcohol consumed (g/day), smoking (yes or no), regular exercise (yes or no), hypertension (yes or no), diabetes mellitus (yes or no), hypercholesterolemia (yes or no), and postmenopausal state (in women; yes or no). Multiple linear regression analyses for BMD were performed after adjusting for confounding variables ( Table 3 ). The distribution of GGT values was right-skewed; therefore, natural log-transformation was applied. Multiple logistic regression analysis was used to evaluate the odds ratios (ORs) and 95% confidence intervals (CIs) of having low bone mass including osteopenia and osteoporosis (Table 4 ). The OR (95% CI) for having low bone mass in those who belonged to tertiles 2 and 3 was evaluated compared to those who belonged to tertile 1. All tests were two-sided, and P<0.05 was considered significant.
RESULTS
Demographics and clinical characteristics of the participants
The mean±SD age of the participants was 55.8±8. 4 istics of the participants were compared among the tertiles of serum GGT levels in men and women ( Table 1 ). The average age of men decreased with increasing serum GGT level from tertile 1 to tertile 3, whereas the average age of women increased. In both sexes, the mean values of BMI and waist circumference increased with serum GGT level from tertile 1 to tertile 3. The average amount of alcohol consumed and the percentage of participants smoking increased with increasing serum GGT level in men. The prevalence of hypertension and hypercholesterolemia also increased with elevating serum GGT level in both sexes. Other clinical and biochemical parameters are presented in Table 1 .
Associations between serum GGT levels and BMD
Mean BMD values measured at the lumbar spine, femoral neck, and total hip were compared among tertiles of serum GGT levels (Table 2) . Mean BMD values at the lumbar spine Copyright © 2016 Korean Endocrine Society decreased as serum GGT level increased from tertile 1 to 3 in both sexes. Mean BMD values at the femoral neck and total hip also decreased with increasing serum GGT level in women. The BMD T-scores were compared between the different tertiles in men and women. As shown in Table 2 , the BMD Tscores at all sites decreased with increasing GGT level from tertile 1 to tertile 3 in women, which remained statistically significant even after adjusting for confounders (model 1 to 4). In men, the BMD T-scores at lumbar spine significantly decreased with increasing serum GGT level (model 1). Adjustment for possible predictors of BMD such as age, BMI, amount of alcohol consumed, smoking, and regular exercise made the associations between serum GGT levels and BMD T-scores at the lumbar spine and total hip statistically significant (model 2, 3). Even after further adjustment for hypertension, diabetes mellitus, and hypercholesterolemia, the associations between serum GGT levels and BMD T-scores at the lumbar spine and total hip showed a tendency toward inverse association (model 4). Multiple linear regression analysis for BMD was performed with log-transformed serum GGT level as covariates. In this model, log-transformed serum GGT level was inversely associated with BMD (Table 3) .
Multiple logistic regression analysis for low bone mass
The multiple logistic regression analysis results for low bone mass including osteopenia and osteoporosis are presented in Table 4 . Age, sex, BMI, amount of alcohol consumed, smoking, regular exercise, and tertile of serum GGT level were included as covariates. In this analysis, age, sex, BMI, and serum GGT level were associated with low bone mass. Age and BMI were independently associated with low bone mass with ORs (95% CI) of 1.053 (1.027 to 1.079) and 0.850 (0.788 to 0.918), respectively. Compared to men, the OR (95% CI) for low bone mass was 2.210 (1.326 to 3.683) for women. Tertile 3 of the serum GGT level was associated with increased risk for low bone mass compared to tertile 1 (OR, 2.271; 95% CI, 1.340 to 3.850; P=0.002), but tertile 2 of serum GGT level was not associated with low bone mass in this analysis.
DISCUSSION
In the present study, we showed that serum GGT level was inversely associated with BMD in Korean adults after adjusting GGT, γ-glutamyl transferase; BMD, bone mineral density; Ln GGT, log-transformed value of serum GGT level; LS, lumbar spine; FN, femoral neck; TH, total hip. www.e-enm.org 69
for confounders such as alcohol consumption, which is a wellknown factor associated with both elevated serum GGT level and low bone mass. Furthermore, we also demonstrated that the highest tertile of serum GGT level (≥39 IU/L in men and ≥21 IU/L in women) was associated with an increased risk for low bone mass including osteopenia and osteoporosis. These results suggest that GGT might negatively affect bone metabolism. Several in vitro and in vivo studies have demonstrated that GGT can affect bone metabolism through systemic and local mechanisms [17] [18] [19] [20] . It was shown that the GGT protein purified from rat kidney effectively stimulates osteoclast formation in mouse bone marrow culture possibly via expression of RANKL in marrow stromal cells [17] . In addition, transgenic mice overexpressing GGT either systemically or locally in skeletal tissue exhibit osteopenia and microstructural deterioration, which was attributable to both increased bone resorption and decreased bone formation as evidenced by histomorphometry [18] . Bone marrow cells from these mice exhibited significantly higher expression of transcription factors essential for osteoclastogenesis such as c-fos, c-jun, and NFATc1. In that study, mutated GGT devoid of enzyme activity was also as potent as the wild-type molecule for inducing osteoclast formation, suggesting that GGT acts not as an enzyme but as a cytokine. GGTdeficient mice also exhibit a marked decrease in bone density along with other abnormalities including growth retardation, early mortality, and cataracts [19, 21] . Osteopenia in GGT-deficient mice was attributable to both increased bone resorption and decreased bone formation. In these mice, restoration of cysteine deficiency by N-acetylcysteine supplementation ameliorated skeletal abnormalities, suggesting that abnormal cysteine metabolism in GGT-deficient mice might have caused the abnormal skeletal phenotype [19] . A clinical study also suggested GGT as a marker of bone resorption in human subjects. It showed that urinary GGT excretion was highly correlated with deoxypyridinoline, an established biochemical marker of bone resorption, in a survey of postmenopausal women [20] .
Taken together, both deficiency and excess GGT seem to be involved in abnormal bone metabolism, which results in decreased bone mass. GGT seems to affect bone formation mainly through its enzymatic activity on glutathione metabolism, and also affects bone resorption as a cytokine independent of enzymatic activity. However, GGT deficiency is a very rare autosomal recessive disease in a clinical setting, and only a few patients with this disease have been reported worldwide [22] [23] [24] [25] [26] . In contrast, patients with excess GGT can easily be found, particularly among those who chronically consume alcohol or those with hepatobiliary diseases. Therefore, excess GGT rather than deficiency is clinically relevant to the general health condition. In the present study, we also think excess GGT may explain the inverse relationship between serum GGT and BMD.
As stated above, GGT also plays an important role in the intracellular antioxidant defense by maintaining glutathione homeostasis [27] . Cells increase expression of glutathione in response to oxidative stress, as this tripeptide removes oxidants [28, 29] . Expression of several enzymes involved in glutathione homeostasis including GGT must be modulated to upregulate glutathione synthesis. Several experimental studies have demonstrated that GGT expression is increased in response to oxidative stress [30] [31] [32] . This result suggests that increased GGT concentration could be a marker of oxidative stress that is known to play a role in the development of many pathological conditions such as cancer, diabetes mellitus, atherosclerosis, neurodegenerative diseases, and rheumatoid arthritis [33, 34] . Oxidative stress is also known to affect bone metabolism and have an inverse association with bone mass [35, 36] . Several experimental studies have shown that oxidative stress enhances osteoclastic activity [37] , while inhibiting osteoblastic differentiation [38] . Therefore, serum GGT level as a marker of oxidative stress may have an inverse relationship with bone mass, as found in the present study. Abnormal bone metabolism associated with liver diseases may also explain the association between bone and GGT in this study. Serum level of GGT is a well-known marker of hepatobiliary disease. In the present study, serum levels of AST and ALT also increased with elevating serum GGT level.
There have been studies that demonstrated chronic liver diseases may have negative effects on bone [39] .
The present study had several limitations. First, because it was a cross-sectional observational study, the associations found are not proof of causal relationships and might be confounded by many unmeasured and unaccounted for variables even after multiple adjustments. Second, we did not measure estrogen levels, which may play a role in the relationship between serum GGT and BMD, particularly in women. In a previous study, oral contraceptive use and menopause were associated with increased serum GGT levels [40] , suggesting that estrogens, a well-known determinant of bone mass, might also be a factor that affects serum GGT levels. Third, we did not measure bone turnover markers. Therefore, we could not determine how serum GGT is clinically associated with bone turnover.
In conclusion, we showed that serum GGT level was inversely associated with BMD in Korean adults and that excess GGT level was associated with increased risk for low bone Copyright © 2016 Korean Endocrine Society mass. Further studies are necessary to investigate the effect of GGT on bone among those with increased serum GGT level such as individuals with chronic alcoholism or hepatobiliary diseases.
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